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Bismuth ferrite (BiFeO3) is one of the most promising multiferroics with a sufficiently high ferroelectric 
(FE) and antiferromagnetic transition temperatures, and magnetoelectric (ME) coupling coefficient at room 
temperature, and thus it is highly sensitive to the impact of cross-influence of applied electric and magnetic 
fields. According to the urgent demands of nanotechnology miniaturization for ultra-high density data 
storage in advanced nonvolatile memory cells, it is very important to reduce the sizes of multiferroic 
nanoparticles in the self-assembled arrays without serious deterioration of their properties. We study size 
effects of the phase diagrams, FE and ME properties of semi-ellipsoidal BiFeO3 nanoparticles clamped to a 
rigid conductive substrate. The spatial distribution of the spontaneous polarization vector inside the 
nanoparticles, phase diagrams and paramagnetoelectric (PME) coefficient were calculated in the framework 
of modified Landau-Ginzburg-Devonshire (LGD) approach. Analytical expressions were derived for the 
dependences of the FE transition temperature, average polarization, linear dielectric susceptibility and PME 
coefficient on the particle sizes for a general case of a semi-ellipsoidal nanoparticles with three different 
semi-axes a, b and height c. The analyses of the obtained results leads to the conclusion that the size effect of 
the phase diagrams, spontaneous polarization and PME coefficient is rather sensitive to the particle sizes 
aspect ratio in the polarization direction, and less sensitive to the absolute values of the sizes per se.  
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1. INTRODUCTION 
1.1. Multiferroic BiFeO3 for fundamental studies and advanced applications 
Multiferroics, which are ferroics with two or more long-range order parameters, are ideal 
systems for fundamental studies of the couplings among the ferroelectric polarization, structural 
antiferrodistortion, and antiferromagnetic order parameters [1, 2, 3, 4, 5]. These couplings are in 
response of unique physical properties of multiferroics [6]. For instance, biquadratic and linear 
magnetoelectric (ME) couplings lead to intriguing effects, such as a giant magnetoelectric 
tunability of multiferroics [7]. Biquadratic coupling of the structural and polar and dielectric order 
parameters, introduced in Refs. [8, 9, 10], are responsible for the unusual behavior of the dielectric, 
polar and other physical properties in ferroelastics − quantum paraelectrics. The linear-quadratic 
paramagnetoelectric (PME) effect should exist in the paramagnetic phase of ferroics, below the 
temperature of the paraelectric-to-ferroelectric phase transition, where the electric polarization is 
non-zero. This effect was observed in NiSO4⋅6H2O [11], Mn-doped SrTiO3 [12], Pb(Fe1/2Nb1/2)O3 
[13, 14, 15], and Pb(Fe1/2Nb1/2)O3- PbTiO3 solid solution [16]. Note that PME effect can be 
expected in many nanosized ferroics, which becomes paramagnetic due to the size-induced 
transition from the ferromagnetic or antiferromagnetic phase. 
BiFeO3 is the one of the most interesting multiferroics with a strong ferroelectric 
polarization, antiferromagnetism at room temperature as well as enhanced electrotransport at 
domain walls [17, 18, 19, 20, 21, 22]. Bulk BiFeO3 exhibits antiferrodistortive (AFD) order at 
temperatures below 1200K; it is ferroelectric (FE) with a large spontaneous polarization below 
1100 K and is antiferromagnetic (AFM) below Neel temperature TN ≈ 650 K [23, 24]. The 
pronounced multiferroic properties maintain in BiFeO3 thin films and heterostructures [25, 26, 27, 
28, 29]. Despite extensive experimental and theoretical studies of the physical properties of bulk 
BiFeO3 and its thin films [21 - 23, 30, 31, 32, 33, 34, 35, 36, 37], many important issues concerning 
the emergence and theoretical background of multiferroic polar, magnetic and various 
electrophysical properties of BiFeO3 nanoparticles remain almost unexplored [38, 39]. 
1.2. Multiferroelectric nanoparticles. State-of-art 
However according to the urgent demands of nanotechnology miniaturization for ultra-high 
density of data storage in advanced nonvolatile memory cells, it is very important to reduce the 
sizes of multiferroic nanoparticles in the self-assembled arrays without serious deterioration of their 
polar, magnetic and ME properties. There are many intriguing and encouraging examples of the 
polar and dielectric properties conservation, enhancement and modification in ferroelectric 
nanoparticles. In particular Yadlovker and Berger [40, 41, 42] present the unexpected experimental 
results, which reveal the enhancement of polar properties of cylindrical nanoparticles of Rochelle 
salt. Frey and Payne [43], Zhao et al [44] and Erdem et al [45] demonstrate the possibility to control 
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the temperature of the ferroelectric phase transition, the magnitude and position of the dielectric 
constant maximum for BaTiO3 and PbTiO3 nanopowders and nanoceramics. The studies of KTa1-
хNbхO3 nanopowders [46] and nanograin ceramics [47, 48, 49] discover the appearance of new 
polar phases, the shift of phase transition temperature in comparison with bulk crystals. Strong size 
effects in SrBi2Ta2O9 nanoparticles have been revealed by in situ Raman scattering by Yu et al [50] 
and by thermal analysis and Raman spectroscopy by Ke et al [51]. The list of experimental studies 
should be continued, making any new experimental-and-theoretical study of ferroelectric 
nanoparticles important for both fundamental science and advanced applications.  
In particular, the surface and finite size effects impact on the phase diagrams, polar and 
electrophysical properties of BiFeO3 nanoparticles are very poorly studied [38, 39]. Such study may 
be very useful for science and advanced applications, because the theory of finite size effects in 
nanoparticles allows one to establish the physical origin of the polar and other physical properties 
anomalies, transition temperature and phase diagrams changes appeared with the nanoparticles sizes 
decrease. In particular, using the continual phenomenological approach Niepce [52], Huang et al 
[53, 54], Ma [55], Eliseev et al [56] and Morozovska et al [57, 58, 59, 60, 61] have shown, that the 
changes of the transition temperatures, the enhancement or weakening of polar properties in 
spherical and cylindrical nanoparticles are conditioned by the various physical mechanisms, such as 
correlation effect, depolarization field, flexoelectricity, electrostriction, surface tension and Vegard-
type chemical pressure.  
1.3. Research motivation 
Nanoparticles of (semi)ellipsoidal shape can be considered as the model objects to study size 
effects on physical properties of ferroic nano-islands. BiFeO3 nano-islands and their self-assembled 
arrays can be formed on anisotropic substrates by different low-damage fabrication methods [62, 
63, 64]. The particles typically have different in-plane axes due to the anisotropic thermal 
conductivity of substrate. Recent advances in the production technology of ferroelectrics have 
resulted in a cost-effective synthesis of these nanoparticles, which are beginning to be used in 
fabrication of microactuators, microwave phase shifters, infrared sensors, transistor applications, 
energy harvesting devices etc. A correlation mechanism between the scaling factor, geometry of the 
nanoparticles and their physical parameters, and related phenomena viz. spontaneous polarization, 
antiferromagnetic and antiferrodistortive order, width of the domain walls and the domains stability 
is needed to be further investigated using both experimental methods and theoretical modeling. 
Most intriguing fundamental issues to be addressed include an estimation of the intrinsic limit for 
polarization stability, mechanism of domain wall motion, and polarization switching in nanoscale 
volumes [1-6]. 
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The analyses of the above state-of-art motivated us to study theoretically the size effects 
influence on FE, AFM and ME properties of semi-ellipsoidal BiFeO3 nanoparticles in the 
framework of the Landau-Ginzburg-Devonshire (LGD) approach, classical electrostatics and 
elasticity theory. 
2. THEORY 
2.1. Problem statement 
It is known that ferroelectricity is a cooperative phenomenon associated with the dipole 
moments aligned on both short- and long-scale level. This alignment is characterized by a certain 
transition temperature justified by the temperature-dependent forces which relate to the size effects, 
dimension of the material, its structural homogeneity etc. It is considered that the size effects are 
associated either with intrinsic (mainly related to the atomic polarization) or extrinsic (stresses, 
microstructure, polarization screening etc.) factors [57-60]. 
Let us consider ferroelectric nanoparticles in the form of semi-elliptical islands precipitated 
on the rigid conducting substrate electrode. The ellipsoid has different values of semi-axis length, a, 
b and c along X-, Y- and Z-axis respectively. We denote bε  and eε  as the dielectric permittivity of 
ferroelectric background and external media respectively. The one-component ferroelectric 
polarization , directed along the crystallographic axis 3 inside the particle, that is parallel to the 
interface z=0 [Fig. 1].  
( )rP
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FIG. 1. A semi-ellipsoidal uniformly polarized ferroelectric nanoparticle is clamped to a rigid conducting 
substrate electrode (e.g., Pt). The one-component ferroelectric polarization  is directed along x-axes. 
Semi-ellipsoid height is c and lateral semi-axes are a and b. 
( )rP
 
We can assume that in the crystallographic frame {1, 2, 3} the dependence of the in-plane 
components of electric polarization on the inner field electric Ei is linear ( ) iib EP 101 1−εε=  and 
( ) iib EP 202 1−εε= , where an isotropic background permittivity is relatively small, 10 [65], ≤ε ib 0ε  is 
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a universal dielectric constant. Polarization component 3 contains background and soft mode 
contributions, ( ) ( ) ( ) iib EEPEP 30333 1,, −εε+= rr . Electric displacement vector has the form 
 inside the particle and  outside it;  is the relative dielectric 
permittivity of external media. Hereinafter the subscript "i" corresponds to the electric field or 
potential inside the particle, "e" – outside the particle. 
PED +εε= iibi 0 eee ED εε= 0 eε
 Inhomogeneous spatial distribution of the ferroelectric polarization component ( )33 , EP r  
can be determined from the Landau-Ginzburg-Devonshire (LGD) type equations inside a 
nanoparticle,  
333
3
2
33
5
3
3
33 2 EPQxx
P
gPPP klkli
nm
mnPPP =σ−∂∂
∂−γ+β+α ,                         (1) 
where the coefficient ( ) ( )CTPP TTT −α=α )( , T is the absolute temperature,  is the Curie 
temperature of the paraelectric-to-ferroelectric phase transition. The parameters βP, and γP are 
coefficients of LGD potential expansion on the polarization powers. , and are respectively 
elastic stress and electrostriction stress tensor. Flexoelectric effect is regarded as small. Boundary 
conditions for the polarization P3 at the particle surface S are regarded to be natural,
 
CT
klσ ijklQ
( ) 03 =∂∂ SP n .    
 Electric field  is defined via electric potential as iE ii xE ∂ϕ∂−= . For a ferroelectric-
dielectric, the electric potential ϕ can be found self-consistently from the Laplace equation outside 
the nanoparticle  and Poisson equation inside it  00 =ϕ∆εε ee
k
k
ji
b
ij x
P
xx ∂
∂=∂∂
ϕ∂εε
2
0 ,                                                     (2) 
ε0=8.85×10−12 F/m the dielectric permittivity of vacuum,  is background permittivity [66]. Free 
charges are regarded absent inside the particle. 
b
ijε
Corresponding electric boundary conditions of potential continuity at the mechanically-free 
particle surface S, ( ) 0=ϕ−ϕ
Sie
. The boundary condition for the normal components of electric 
displacements should take into account the surface screening produced by e. g. ambient free charges 
at the particle surface S, ( ) 00 =⎟⎠
⎞⎜⎝
⎛
λ
ϕε+−
S
i
ie nDD , where λ is the surface screening length. The 
potential is constant at the particle-electrode interface, i.e. 0
0
=ϕ =zi . Surface screening leads to the 
decrease of external field inside the particle, as well as to the decrease of bare depolarization field 
caused by the polarization gradient. 
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 Within a phenomenological approach, linear and biquadratic ME couplings contribution to 
the system free energy are described by the terms  and , respectively (P is 
polarization and M is magnetization, and 
i j i jP Mµ  i j k l i j k lP P M Mξ    
i jµ   and i j k lξ     are corresponding tensors of ME effects, 
respectively) [67, 68, 69, 70, 71]. The PME coupling contribution is described by the term 
kjiijk MMP ,,,η  [67, 72]. Let us use the phenomenological LGD-based model for the PME 
coefficients calculation [72, 73]. Assuming that the magnetization M is linearly proportional to the 
applied magnetic field H, 
 
( )HTM FMχ≈ , the PME coefficient η has the form [72]: 
( ) ( ) ( ) ( )( ) MPMFES TTTPT ξχχ−=η 2 .                                 (3) 
Here the spontaneous polarization ( )TPS  is the averaged over the particle volume spontaneous 
polarization ( )r3P  calculated from Eq.(1) at H=0 and E=0. Functions  and ( )TMχ ( )TFEχ  are 
averaged over the particle volume linear magnetic susceptibility and dielectric susceptibility in the 
ferroelectric phase, respectively. Ferroelectric susceptibility can be calculated from Eq.(1) using the 
definition  
( )
03
3
3 =
∂
∂=χ
E
FE E
P
T .                                                              (4) 
Approximate expression for magnetic susceptibility is taken the same as in Ref.[72]: 
( ) ( ) ( )TPLTT SMPLMTMM 22)(
0
ξ+ξ+θ−α
µ=χ .                                (5) 
Equations (3) and (4) are valid in the ferroelectric-antiferromagnetic phase (with nonzero 
antiferromagnetic long-range order parameter 0≠L ) as well as in the ferroelectric – paramagnetic 
phase without any magnetic order M =L=0. Parameters LMξ  and  the biquadratic 
magnetoelectric coefficients that couple polarization and magnetic order parameters in the 
magnetoelectric energy 
MPξ
( 222
2
1 PLMG LPMPME ξ+ξ= ) . It should be noted, that only two coefficients in 
magnetic energy, ( ) ( ) 2204242 24242 MLHMMM
TLLTG LMMMLLM
ξ+µ−β+α+β+α= , are 
assumed to be dependent on temperature, namely ( ) ( NTML TTT −α=α )( )  and 
 where  is the magnetic Curie temperature, and  is the Neel temperature.  ( ) ( )θ−α=α TT TMM )( θ NT
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2.2. Analytical approximation based on finite element modeling 
 Using finite element modeling (FEM) we numerically calculated the spatial distribution 
[Fig.2(a)] and average electric field inside the particles. Ferroelectric parameters of BiFeO3 are 
listed in Table I. 
 
Table I. Parameters of BiFeO3 used in our calculations  
Parameter SI units Value for BiFeO3 
Spontaneous polarization PS m /C2 1 
Electrostriction coefficient Q12 m4/C2 −0.05 
Electrostriction coefficient Q11 m4/C2 −0.1 
Background permittivity εb dimensionless 10 
Ambient permittivity εe  dimensionless 1 
Gradient coefficient g11 m3/F 10−10 
LGD coefficient aS m2/F  10−4 
LGD coefficient b J m5/C4 107 
LGD coefficient a m/F  -107 (at 300 K) 
Ferroelectric Curie temperature Tc K 1100 
Temperature coefficient aT m/(K F) 0.9×106 
Antiferromagnetic Neel temperature  K 650 
Surface screening length λ nm 10-3 to 102 
Universal dielectric constant ε0  F/m  8.85×10−12 
 
 Numerical results were approximated analytically. Obtained electric field dependence on the 
surface screening length λ has the following form: 
( )
( )cbaRn
cbanPE XdX ,,
,,
0 ∞
∞
+λ
λ
ε−≈                                              (6) 
Here  is the “bare” depolarization factor of the system without screening charges (the case of the 
limit ).  is the characteristic length- scale, proportional to the size a of island along the 
polar axis. Using Eq.(6) we can introduce the effective depolarization factor (
∞n
∞→λ R
( )
X
dX
d P
Ecban 0,, ε−= ) 
dependent on the semi-ellipsoid geometry  as  
( ) ( )( )cbaRn
cbancband ,,
,,
,,
∞
∞
+λ
λ=                                                (7) 
High accuracy of approximation (7) becomes evident from Fig. 2(b). 
The fitting with Eq.(7) allows us to obtain parameters  and  for a set of island sizes a, b 
and c , which are the lengths of ellipsoid semi-axis. These sets were fitted with the Pade-
approximations of the following form: 
∞n R
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( )
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
+++
ε+ε≈∞
ab
bacac
c
ab
bcban
eb
075.0
7.0
,,
22
2
,                               (8) 
( ) ⎟⎠
⎞⎜⎝
⎛ ++≈
c
a
b
aacbaR 25.019.062.0,, .                                              (9) 
Note that the pre-factor 
ab
b
eb ε+ε
 in Eq.(8) is the exact expression for depolarization factor of 
elliptical cylinder with semi-axes a and b. High accuracy of approximations (8)-(9) becomes 
evident from Fig. 2(b)-(d). 
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FIG. 2. (a) Distribution of the electric field component Ex in the system calculated numerically. (b) 
Dependence of depolarization factor  on the screening length for different values of semi-axis length c 
(numbers near the curves) and fixed value of a=10 nm b=20 nm. Dependences of parameters  (c) and  
(d) on the semi-axis length c for fixed values of a=10 nm and b=1, 2, 5, 10, 20, 50 nm (numbers near the 
Xn
∞n R
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curves). Relative dielectric permittivities 10=εb  and eε =1. Symbols are results of FEM calculations, solid 
curves represent fitting with Eq.(6) - (9), respectively. 
 
 Allowing for expressions (6)-(9), the transition temperature to paraelectric phase ( )cbaTcr ,,  
can be defined from the condition 0
0
=ε+α
dn  and given by analytical expression  
( ) ( )
0
,,
,, εα−= T
d
Ccr
cbanTcbaT .                                                    (10) 
Equation (10) allows to write analytical expressions for the average spontaneous polarization, and 
linear dielectric susceptibility by conventional form 
( )( )
⎪⎩
⎪⎨
⎧
>
<−β
α
=
.,0
,,,,
cr
crcr
T
S
TT
TTTcbaT
P ,                           (11) 
( ) ( )( )
( )( )⎪⎪⎩
⎪⎪⎨
⎧
>−α
<−α=χ
.,
,,
1
,,
,,2
1
cr
crT
cr
crT
FE
TT
cbaTT
TT
TcbaT
T .                        (12) 
Allowing for Eqs.(3), (5), (11) and (12) the analytical expression for PME coefficient acquires the 
form:  
( )
( )( )
( )( )
⎪⎩
⎪⎨
⎧
>
<−βα
χξ−
=η
.,0
,,
,,2
2
cr
cr
crT
MMP
TT
TT
TcbaT
T
T .                          (13) 
It follows from the obtained formula (10) – (13), that the main peculiarities of the ellipsoidal 
nanoparticles originate from depolarization field contribution. 
 
3. RESULTS AND DISCUSSION 
3.1. Size effects of phase diagrams and average polarization  
Phase diagrams of semi-ellipsoidal BiFeO3 nanoparticles in coordinates relative temperature CTT
 
 
- length of the particle longer semi-axis a are shown in Figs.3(a) and 3(b) ( is bulk Curie 
temperature). The boundary between paraelectric (PE) and ferroelectric (FE) phases (that is in fact 
the critical temperature of the size-induced phase transition 
CT
( )cbaTcr ,, ) depends on the semi-
ellipsoid sizes a, b and c (multiple size effect). The size effect manifested itself in the 
ferroelectricity disappearance at the critical size ( )cbacr ,  for which  followed, by the 
monotonic increase of the transition temperature with the size  increase and its further saturation 
0=crT
a
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to  for the sizes  nm. Different curves are calculated for several values of semi-axis b= 
3, 10, 30 and 100 nm and fixed particle height c. Figure 3(a) corresponds to the particles of small 
height c=10 nm, and Fig.3(b) for c=100 nm. The critical size 
CT 100>>a
( )cbacr ,  monotonically decreases as 
well as the phase boundary between PE and FE phase shifts to the right with b increase at the same 
c values [compare different curves in Figs.3(a) and 3(b)]. Moreover, the critical sizes ( )cbacr ,  
calculated at c=10 nm are essentially smaller than the sizes calculated at c=100 nm at the same b-
values [compare the curves calculated in Figs.3(a) and 3(b)]. In numbers, the PE-FE transition 
exists for all values of chosen sizes. At с = 10 nm, the critical size  varies in the narrow 
range (10 – 12) nm, and the curves calculated for different b values are very close to one another. 
At с = 100 nm, the critical size 
( cbacr , )
( )cbacr ,  varies in the wider range (15 – 45) nm, and the curves 
calculated for different b values are well-separated from one another. 
 Hence the analysis of Figs. 3(a) and 3(b) allows us to conclude that the size effect of the 
phase diagrams is sensitive to the value of the particle aspect ratio in the polarization direction, 
2abc , and less sensitive to the absolute values of the sizes per se. The smaller is the ratio, the 
smaller is the depolarization field and hence the higher is the transition temperature and the smaller 
is the critical size. The result seems nontrivial a priory.  
 The spontaneous polarization dependence on the length of ellipsoid semi-axis a calculated 
for different values of semi-axis c = 10 nm and 100 nm and room temperature are shown in Figs. 
3(c) and 3(d), respectively. The values of another semi-axis b are chosen the same as in Figs. 3(a) 
and 3(b) [see different curves calculated for b= 3, 10, 30 and 100 nm]. The polarization curves 
calculated for different b values are very close to one another at с = 10 nm, and are well-separated 
from one another at с = 100 nm. The spontaneous polarization appears at the critical size ( )cbacr ,  
and increases with the size a increase. The polarization saturates to the bulk value ~ 1 C/m2 at sizes 
nm. Note that the polarization of the particles with height c = 10 nm saturates essentially 
faster than the one for the particles with c = 100 nm [compare curves saturation in Figs. 3(c) and 
3(d)]. 
100>>a
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FIG. 3. Phase diagrams in coordinates temperature – length of ellipsoid semi-axis a calculated for different 
values of semi-axis c = 10 nm and 100 nm (panels (a) and (b) respectively) and axis b= 3, 10, 30 and 100 nm 
(see numbers near the curves). The spontaneous polarization dependence on the length of ellipsoid semi-axis 
a calculated at room temperature for different values of semi-axis c= 10 nm and 100 nm (panels (c) and (d) 
respectively) and axis b= 3, 10, 30 and 100 nm (see numbers near the curves). Screening length λ=1 nm, 
other parameters corresponding to BiFeO3 compound are listed in Table I. 
 
3.2. Size effect of paramagnetoelectric coefficient 
The dependences of PME effect coefficient on the length of ellipsoid semi-axis a calculated 
at room temperature for different values of semi-axis c = 10 nm and 100 nm are shown in Figs. 4(a) 
and 4(b), respectively. The values of another semi-axis b are chosen the same as in the previous 
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figures [see different curves calculated for b= 3, 10, 30 and 100 nm]. PME coefficient is normalized 
on its bulk value. The PME coefficient is zero at sizes ( )cbaa cr ,<  because of spontaneous 
polarization disappearance, it appears at craa < and diverges at the critical size ( )cbaa cr ,= , and 
then it decreases with the size a increase. The PME coefficient saturates to the bulk value at sizes 
nm. The divergences at 100>>a ( )cbaa cr ,=  demonstrate the possibility to obtain giant PME 
effect in BiFeO3 nanoparticles in the vicinity of size-induced transition from the FE phase to a PE 
phase. In particular the normalized PME coefficient is essentially higher than unity for sizes 
. The behavior of PME coefficient reproduces the behavior of the dielectric 
susceptibility given by Eq.(12) in the framework of our model. Note that the PME coefficient of the 
particles with height c = 10 nm saturates essentially faster than the one for the particles with c = 100 
nm [compare curves saturation in Figs. 4(a) and 4(b)]. The PME coefficient curves calculated for 
different b values are very close to one another at с = 10 nm, and are well-separated from one 
another at с = 100 nm. 
( ) ( cbaacba crcr ,2, <≤ )
 The comparative analyses of the Figs.3(c)-(d) and Figs.4(a)-(b) approves our conclusion 
that the size effect of the spontaneous polarization and PME coefficient is sensitive to the particle 
aspect ratio in the polarization direction, 2abc , and less sensitive to the absolute values of the 
sizes. 
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FIG. 4. Normalized paramagnetoelectric (PME) effect coefficient dependence on length of ellipsoid semi-
axis a calculated for different values of semi-axis c= 10 nm and 100 nm (panels (a) and (b), respectively). 
Different curves at each plot correspond to the different value of the axis b= 3, 10, 30 and 100 nm (indicated 
by numbers near the curves). Screening length λ=1 nm, room temperature, other parameters corresponding to 
BiFeO3 compound are listed in Table I. 
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 4. CONCLUSIONS 
We have studied the size effects on the phase diagrams, ferroelectric and magnetoelectric properties 
of semi-ellipsoidal BiFeO3 nanoparticles clamped to a rigid conductive substrate. The spatial 
distribution of the spontaneous polarization vector inside the ferroelectric nanoparticles, phase 
diagrams and paramagnetoelectric coefficient were calculated in the framework of the Landau-
Ginzburg-Devonshire approach, classical electrostatics and elasticity theory. Rather rigorous 
analytical expressions were derived for the dependences of the ferroelectric transition temperature, 
average polarization, linear dielectric susceptibility and paramagnetoelectric coefficient on the 
particle sizes for a general case of a semi-ellipsoidal nanoparticles with three different semi-axes a, 
b and height  c. Due to the essential decrease of depolarization field the in-plane orientation of the 
spontaneous polarization along the longer semi-ellipsoidal axis a is energetically preferable for the 
nanoparticles of small height c<a. The analyses of the obtained results leads to the conclusion that 
the size effect on the phase diagrams, spontaneous polarization and paramagnetoelectric coefficient 
is rather sensitive to the particle sizes aspect ratio in the polarization direction, 2abc , and less 
sensitive to the absolute values of the sizes per se. This opens the way to govern the properties by 
the choice of this ratio value.  
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